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PREFACE 


The purpose of this paper is to present to the reader the theory 
of operation, design, and construction techniques of a magnetic 
reference unit which uses a reference flux produced by a dependable 
permanent-magnet as a basic reference, The basic development work on 
this device was accomplished at the U.S, Naval Ordnance Test Station, 
Inyokern, China Lake, California. The laboratory work and much of the 
research which contributed to the writing of this thesis was done at 
the Pacific Coast Division, Aerovox Corporation, Monrovia, California, 
during the 1955 winter term. 

The writer wishes to express his appreciation to all those of the 
Pacific Coast Division, Aerovox Corporation, who provided guidance and 
assistance. In particular, thanks is expressed to Mr. Kenneth Goodman, 
lr, Joe Chun and li. Robert D. Hallock. Sincere appreciation is also 
expressed to Иг. William Woodworth апа Мг. Lang Sykes of the U.S, Naval 
Ordnance Test Station, Inyokern, China Lake, California for their 
technical assistance and helpful suggestions, The writer wishes to 
express his deepest appreciation to his faculty advisor, Professor 


0. В. Giet, for his guidance. 
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CHAPTER I 


INTRODUCTION 


The magnetic reference unit discussed in this paper is an applica- 
tion of a saturable core reactor device combined with the stability of a 
permanent—magnet to produce a static reference for sources of constant 
voltage or current for use with magnetic amplifier and transistor cir- 
cuits or for reference purposes in radar and computer systems. The refer- 
ence unit is an error detector device which is used in a closed feedback 
loop with a high gain magnetic amplifier to form a source of constant vol- 
tage or current, 

The application of saturable core reactors to the regulation of elec- 
tric circuits is not a new device, being first applied to this purpose in 
1901 by C.F. Burgess and B, Frankenfield,. / 10 /. Amplification proper- 
ties of a saturable core device was published by E.F.W. Alexanderson in 
1916. Although saturable core devices have been used especially in the 
field of control of electrical machinery during the past fifty years, the 
Germans work in the field of magnetic amplifiers during World War II can 
possibly be considered the rebirth of the magnetic amplifier, since they 
improved the efficiency and time response and broadened its field of 
application, D The revolutionary cevelopment of magnetic ampli- 
fiers and its application into the field of electronics in recent years 
has been due to the development of nickel-iron-alloy core materials and 
to improved rectifiers, / 2 /, and to the efforts of a very large group 


of investigators who have contributed to the field. / 13 /. 
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The outstanding quality of magnetic amplifiers and other static 
saturable core devices, especially for application in Naval Electronics, 
is reliability, The reliability of saturable core reactors is comparable 
E. that of a conventional transformer and the life of a unit containing 
rectifiers may be expected to be governed by the rectifiers used. Ger- 
manium and silicon crystal rectifiers normally used in low powered units 
are rated at 60,000 hours for normal operational requirements. / 18 7. 
This improvement in reliability over electron tube circuits has resulted 
in considerable effort in the application of saturable core reactor cir- 
cuits to the field of electronic devices where their performance equals 
that of electron tube circuits. Their application has extended into devel- 
opment for application to radio, radar, and sonar equipment and into appli- 
cations in computer circuits, / lh, 5, 18 /. In many of the applications 
a reference is required for regulated output voltages for biasing pur- 
poses or to provide a stable reference voltage source for circuit appli- 
cations. In electronic circuits the voltage drop across a gas discharge 
tube is a commonly used reference. Non-linear resistor and non-linear 
heated metallic elements have also been used as reference devices, Howe 
ever, these devices often do not satisfy the desirable characteristics of 
a low impedance device that will provide a reasonably stable reference 
with high reliability for static magnetic circuits subjected to shock, 
vibration and wide temperature ranges. The magnetic reference unit used 
in conjunction with a high gain magnetic amplifier is presented as an 
approach to satisfying these requirements, As an aid in understanding 


the operation and construction of a source of regulated voltage composed 
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of a magnetic reference unit used in conjunction with a high gain mag- 
netic amplifier, chapters presenting the theory of operation of a mag- 
netic amplifier, a magnetic reference unit and the design considerations 


ОҒ a magnetic reference unit are included, 





CHAPTER II 


THEORY OF OPERATION OF SATURABLE REACTORS 


Both the magnetic amplifier and the nagnetic reference unit dis- 
cussed in this paper are saturable reactor devices. Іп а paper by 
William He Elliot / 7 / a saturable reactor, which may be a simple sat- 
urable reactor, saturable-core reactor, d-c controllable reactor, sat- 
urable transformer or a magnetic amplifier are defined as 

iron-cored inductors whose a-c vinding impedance is controlled 

through saturation of the core effected by a magnetomotive force 

under control of an auxiliary d-c winding. 

The magnetic amplifier is a device using saturable reactors either 

alone or in combination with other circuit elements to obtain am- 

plification or provide control, 
While the magnetic reference unit could possibly be used with other types 
of high gain amplifiers to furnish a current or voltage supply, consider- 
ations of current gain, pover output required and reliability are satis- 
fied by a high gain magnetic amplifier, During the past fifty years there 
have been nany forms of magnetic amplifiers described and many of these 
types have been codified according to an orderly system presented by 
James G, 1dles,. / lh /. The amplifier requirements for use with the 
nagnetic reference unit appear to best be satisfied by the self-satura- 
ted magnetic amplifier utilizing positive feedback, Therefore the follow- 
ing discussion will be limited to the elementary magnetic amplifier for 
the fundamental theory of operation and to the self-saturating circuit, 
le The elementary magnetic amplifier, 


Ihe elementary magnetic amplifier of a simple series connection is 


shown in Figures 1A and 1B and consists of two ferromagnetic circuits 
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wound with two identical load current or "сафе" windinss and a common 
control current wincing. / 11, 9 /. To avoid the induction of the 
fundamental of the supply voltage into the d-c co.trol winding, the gate 
windings are connected so that the load current will tend to produce 
fluxes in tne opposite direction through the control winding. With the 
pate windings connected series aiding and the control windings connected 
series opposing as illustrated in Figure 10, the fundamental and the odd 
harmonics of the supply voltage induced in the control windings cancel 
each other. However, the even harmonics circulate in the low impedance 
control circuit, giving "natural" magnetization of the core. / 6, 107. 
The gate windings are snowm in series, but tney could also be connected 
in parallel. The magnetic circuit may be on a single three leg core, 
Figure lA, or on separate toroidal cores, Figure 1B. ihe three leg single 
core has the disadvantage tnat leakage flux has some effect upon the mag- 
netic amplifier. 

In order to simplify the explanation of the mode of oneration, it is 
helpful if certain assumptions are made: the magnetization curve possess- 
es an idealized shape, the load is a resistive load, the control circuit 
resistance is relatively low and a pure direct current is aprlied to the 
control windings, and the a-c supply voltage is a sinusoidal voltage. 

From Fareday's Law of Magnetic Induction the relation between the 
voltages across the gate windings of the series connection shown in Figure 


lC and the supoly voltage may be expressed by 





- 8 
e, = Ng Se MO (e, in volts Din maxwells) (2) 


(e, in volts, 9 in max wells) (2) 


or the change in core flux may be given by 


& 
1 
A Da e e, dt (3) 


e | 
дір, = Ne J a dt (и) 


where A is the number of turns of the gate winding for each core, 

Since the permeability of the core naterial used in d-c controlled sat- 
urable reactors is large when the core is unsaturated, the supply voltage 
Will be divided across e, and ep (this neglects a small I, R,, drop across 
the load due to the exciting current). ihnen the cores go into saturation 
at points c and g of Figure 2A, then the voltage drop across the load 
resistor is equal to the supply voltage. This implies thet the theoreti- 
cal maximm average current that can flow through the load, assuming both 
cores completely saturated over the full cycle of the supply sinusoidal 


voltage, is 


-2 Em 
Es "TR (5) 


For a negligble value of control current (assume I, is zero) and a 
moderate value of supply voltage which does not cause saturation of the 
cores, the voltage drop across the gate windings will be equal to the 


supply voltage and the output current will be zero due to the high reac- 
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tive impedance across the coils. For a sinusoidal voltage the flux 
variation will be a cosine function (equations 3 and lh) which varies 
along the path f-a-b-a-f of Figure 2A, The voltage and flux wave form 
relations are shown in dotted lines in Figure 3. If the supply voltage 
is increased in magnitude until the flux in Figure 2A is varying along 
the path h-a-d-a-h the cores will saturate at some angle £ ana сос + Г 

of the supply voltage, normally termed the "firing" or saturation angle. 
When the core saturates, further change of flux in the core can no longer 


‘ © 
take place so e, and ер drop essentially to zero, load current of l, = R, 


А 
flows and the supply voltage is dropped across the load resistor until 
the core returns to the unsaturated state. The peak value of the supply 
voltage and the number of turns on the gate windings are normally adjus- 
ted so that the flux varies just to the saturation point of the flux path 
with no control current flowing, that is along path g-a-c of Figure 2A, 
Referring to Figure 1B, we note that for control current flowing, 


flux is introduced into core A and core B in opposite directions, 


NI = Nol, +N I. for core A (6) 


реми > Nel. for core В (7) 


Thus we would expect core A to be going into saturation on the half cycle 
when core B is coming out of saturation when control current is flowing. 
With core A in saturation, the gate winding of core A can no longer 
support a voltage е,» Figure 1C, and its control winding has no imped- 
ance, Neglecting any control circuit impedance, the control winding of 


core B is then short circuited, causing a collapse of voltage ер also. 





dith the collapse of voltages across the gate windings, a load current 
flows until core A comes out of saturations, This flow of load current 
tnrough the gate winding of core B induces a current ezi RE into the 
control circuit, With neither core in saturation, the gate windings 
present a high impedance in the load circuit and a negligible load 
current flows in the circuit. Assuming the ideal magnetization curve, 
Figure 2A, both the load current and tne control current are zero when 
neither core is in saturation, Similarly on the other half cycle of the 
supply voltage, core B goes into saturation at CX * TT and can no longer 
support the voltage ene With core B in saturation the он верне Ае 

of core A is short circuited causing a collapse -of voltage ZU vitn the 
collapse of tne coil voltage, load current again flows and the gate wind- 
ing of coil A induces current in the control winding in the same direction 
as that induced by coil B due to the control windings being connected 
series opposing. Thus there are two unidirectional pulses of current in 
the control circuit for each full cycle of the supply voltage. The aver- 
age value of tnese even harmonic current pulses is equal to the d-c level 
of control current which is determined by the control circuit d-c vol- 
tage and the control circuit resistance. This control current changes 
the average flux level in each core, For instance, referring to Figure 
¿Ay a control voltage level can set OR of core A to point b and Do 

Of core B to point f, where Do represents the average flux level for 

the core over the flux cycle. The flux of core A would traverse the path 


f-b-c-e-f and that of core B the path b-f-g-j-b over a supply voltage 


cycle • 





Noting the solid line wave forms of Figure 3 over one cycle of 

operation, let us assume as a starting point фа: = од , core B flux 
rising out of saturation at €=0 for a supply voltage of e = M, sin ©. 
Note that the average value of the flux for each core is no longer zero 
due to the control current flowing with an impressed d-c control voltage, 
Е From О <8 <A neither core is in saturation and both the load 
current and control current are instantaneously zeroe When -© = oL 

the flux of core A reaches point c on the magnetization curve, Now Q,=+ Ф. 
with core A in saturation until © = Т and load current flows over this 
interval inducing a current in the control circuit, Both cores are un- 
saturated for the interval Tf 4 © l œ + тт and again the load and control 
currents are zero. At (£O - oT the flux of core B reaches point g on 
the magnetization curve, causing Op=- Cs with core B remaining in 
saturation until © = 2Tr . Load current will flow over the interval 
tnat core B is in saturation, inducting a current in the control circuit, 
Ihe foregoing cycle of events recurs periodically with the frequency of 
the supply voltage, The a-c supnly voltage is necessary to furnish a 
power source and to carry the core flux into and out of saturation, The 
d-c control current level ceternines the average core flux, the satura- 
tion angle ОС, алпа thus controls the magnitude of the load current. 

Ihe rectified average value of the load current and the average value of 


the control current are related by 


uNe). TuNe oy 


16 = Ауетде (i.) = Average | Ме Ne 





witi:in the limits o£ the permissible values for the load current (equation 
5). 

The control characteristics for the elementary magnetic amplifier, 
assuming idealized rectangular magnitization curve, is shown in Figure 
hA, Figure ЦВ shows the control characteristics for a typical magniti- 
zation curve with hysteresis losses illustrated in Figure 2B. Note that 
the load current does not go to zero in Figure 2B, for an exciting current 
flows in the load circuit which does not change the flux level in the core 
material but overcomes the coercive forces of the core material and eddy 
current losses, The relation between the load current, the exciting 
current, and the saturation current is 

L= let (9) 

The exciting current is normally very small compared to tne saturating 
current for good magnetic amplifier core materials and was neglected in 
the preceding idealized discussione The round knee at the top of the con 
trol characteristics is caused by tne similiar round knee af the magniti- 


zation curve. Тһе power gain of the amplifier is given by 


e- useful load power _ i | Né Ке | 
7 Controls e power 7" Ten - wen 10) 
отто Ourc P Те Re Ма Re 


The time constant of the amplifier is directly proportional to the gain 
of the amplifier and inversely proportional to the frequency of the power 
supplye The gain to time constant ratio for the elementary magnetic 
amplifier is theoretically a constant value of four cycles of the power 
supply frequency. / 11 /. Therefore the gain can only be increased at 


the price of an increase in the time constant of the amplifier, 
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Note in Figure IB that the output current does not nd on the polar- 
ity of the control current, but only on its magnitude. The output may 
be made to depend on the polarity of the control current by the addition 
of à d-c winding called the "bias" winding to supplement the control 
winding and thus shift the 1. = O line of the control characteristics to 
the right as shown by the dotted line on Figure |B, giving a quiescent 
operating point at point X. If the turns ratio of the control winding 
turns to gate winding turns is made large in order to obtain gain, the 
response time of the amplifier becomes very longe Because of this pro- 
perty, a normal procedure in the use of magnetic amplifiers is to make the 
ratio of control winding turns to gate winding turns approximately unity 
and utilize positive feedback to obtain tne cesired gaine 

2. ine effects of positive fecdback, 

The average power gain per cycle of the amplifier can be raised sig- 
nificantly by the use of positive current feodback,. This feedback is 
usually accomplished in either one of tivo methods. The load current may 
be rectified and fed back on a separate feedback winding in the same polar- 
ity as the control winding to give external positive current feedback to 
the elementary series connected amplifier or by use of the self-satura- 
ting circuit in which the current feodback is accomplished by the use of 
rectifiers in parallel connected gate winding circuits. A method of util- 
izing external positive current fecdbdack in the elementory series connec- 
ted circuit is illustrated in Figure 5. With a low control circuit im- 
pedance the operation of the saturable reactor is the same as previously 


given except that the ampere-turns of the feodback winding assists the 
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control winding ampere-turns in equalizing the gate winding ampbore- 
turns, thus reducing the required control winding ampere-turns by the 
number of feedback winding ampere-turns. the relationship between the 
control winding ampere=turns and the gate and feedback ampere-turns 
becomes, 

Г. № = 1,Ng 7 Le Ne 
where І f EE ү, for the series connection, SO 

B. x. Ns (1- e 

о и u 9 \ N (11) 
N 3 


f 
and NE becomes the feedback factore 





The effect of positive current feedback on the control character- 
istic curves results in a skewing of the characteristic curve, This is 
illustrated graphically in Figures 6A and 6B. Also note that as the feed- 
back factor approaches unity, near maximum output current is obtained 
with zero control current, whereas the load current was at a minimum val- 
ue for zero control current in the elementary amplifier without feedback, 
3. The self-saturating magnetic amplifier. 

The number of feedback turns required to obtain a 100% positive 
feedback factor may be greatly reduced by the use of internal feedback 
in the amplifier, commonly referred to as a self-saturated magnetic ampli- 
fier or Amplistat”, A center-tap self-saturating circuit is illustrated 
in Figure 7. There are other self-saturated circuit configurations to 


meet various applications. / 15 7. 


2. General Electric Co, Trade Hark 
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The center-tap circuit of Figure 7 is equivalent to the external feedback 
circuit of Figure 5 with 100% feedback. The self-saturated circuit per- 
mits better use of the winding area of the core, as fewer turns of wire 
are required to obtain comparable control characteristics. The actual 
shape of the control charaoteristic is influenced by the hysteresis loop 
of the core material and imperfections of the rectifiers, being adversely 
affected by slow saturation of the core material, hysteresis and eddy 
current losses, and back leakage of the rectifiers, With square hyster- 
esis loop core material amd negligible back leakage of the rectifiers, 
the maximum value of output current will be obtained with zero control 
current as illustrated in Figure 0, The wave shapes of the self-satura- 
ting magnetic amplifier closely resemble those of the previously dis- 
cussed elementary magnetic amplifier but its mode of oneration is somewhat 
different due to the effects of the feedback. In order to consider the 
mode of operation of the self-saturating circuit of Figure 7 refer to the 
wave forms of Figure 9. For explanation purposes, assume constant forward 
resistance and infinite back resistances for the rectifiers, low imped- 
ance control circuit, and rectangular dynamic hysteresis loops. It is. 
also assumed that the air core inductive reactance of the saturated cores 
are negligible compared to the load resistance and the resistances are 
negligible compared to the inductive reactance when the cores are not 
saturated. The a-c voltage is sinusodial with a peak value of sufficient 
magnitude to au a sinusodial flux swing equal to the saturation flux, 
isce Ем = 1.44 F $y No 10", 


With the circuit in steady state condition at time, t = 9, а 
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positive going voltage is applied to coil A and the flux of core A and 
core B are at point l on their respective dynamic B-H loops. A sharp 
rise of the small exciting current in coil A moves the operating point 
to point 2 where the'flux change may take place in core A along tne ver- 
tical sides of the B-H loope This exciting current is very small com- 
pared to the load current. The gate voltage of coil A transforms into 
the control winding and induces a sharp rise of control current in the 
01 сігсоіс, since there is no flux change in core B as the opera- 
ting Е. потез from points 2 to 3. As the rising line voltage is 
dropped across the inductive reactance of coil A, due to the cnange of 
the flux of core A in moving from points 3 to h, the coil voltage, en 
neglecting any voltage drop in the control circuit, is transformed into 
coil B, causing the flux of core B to reset to point le Current flow 
through coil B is prevented on this half 'cycle by the rectifier in the 
circuit. At operating point 4, the line voltage reaches the saturation 
angle GC, core A goes into saturation and load current begins to flow 
through coil A. With core A in saturations there is no longer a trans- 
forned voltage into the control circuit and the control current returns 
to zero, moving the operating point to point 5 on the B-H loops. Load 
current flows through coil A until the line to neutral voltage reaches 
zero, determining operating point 6 on the B-H loops, Similar action 
takes place on the next half cycle, with current flow through coil A 
being prevented by a rectifier and coil B controlling the load current 
and resetting the flux level in core A, The operation of the circuit is 


periodic with the applied a-c voltages 


um 





The average value of the control current depends upon the d-c 
level of the control voltage source and the resistance of the control 
circuit as noted in the elementary magnetic amplifier circuit. It may be 
noted that with an average value of control current of zero the flux 
reset would be very small and near maximum load current would flow. The 
saturation angle & is determined by the peak value of the supply vol- 
tage and the d-c level of the control current. The output is therefore 
also sensitive to supply voltage change unless the self-saturated circuit 
is used in a push pull arrangement ог a compensating voltage-sensitive 
bias winding is added to the circuit. / 16 7, 

For proper operation of the circuit it is important that the two 
cores have closely balanced magnetic properties so that the two cores 
reach saturation at corresponding saturation angles on the positive and 
negative half cycles. Any back current flow through the diodes will nave 
a demagnetizing effect on the cores and reduce amplification, The reduc- 
tion of gain due to a finite back current flow through the diodes may be 
compensated by the use of an external positive feedback windinge Since 
the back current flow through a diode has a demagnetizing effect on the 
core, it is important that the diodes also be matched for back resistance, 
The diodes are oftent shunted by a "spoiling" resistor to reduce the effect 
of change of diode back resistance with temperature and aging. Silicon 
diodes are now available, which have a very high back resistance over a 
large temperature range, that are an effective improvement for many mag- 
netic amplifier circuit applications. 


Self-saturated magnetic amplifiers also tend to lose control of the 


15 


current in circuits with a highly inductive load. With an inductive 
load, a decaying load current tends to flow in tne rectifier of the gate 
winding circuit after the duty cycle nas been completed, giving simul- 
taneous conduction of load current by both rectifiers, inis action is 
called "cormutation" and may be overcome by shunting the inductive load 


With a capacitor or a co:mutation rectifier, which provides a return path 


for the inductive discharge. / 16 7. 
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Figure 2A Figure 2B 
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Theoretical wave forms for an elementary series connected d-c controlled 
saturable reactor with low control circuit impedance. 
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Figure LA 
Sketch of an idealized control characteristic 
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Sketch of the control charaeteristics of an elementary magnetic 
amplifier with external feedback, 
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Figure 7 
Basic center - tap self-saturating circuit with d-c output . 
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CHAPTER III 


A MAGNETIC REFERENCE UNIT 


In regulation or control systems it is often necessary to compare 
the quantity to be controlled with a reference quantity, thus producing 
an error to actuate a correction cevice which tends to maintain the con- 
trolled quantity at a fixed value. Jn chapter I it was pointed out that 
several devices have been used for reference purposes, lor use with mag- 
netic amplifier circuits, it is often desirable to have a low impedance 
device which can be more easily matched with the low impedances usually 
found in these circuits and also provide equal reliability. Two static 
devices that may be used are a saturating transformer reference and a 
permanent - magnet biased saturable-core reactor, // 16 /. 

Ine saturating transformer is a transformer in which the input vol- 
tage is of sufficient magnitude to saturate the core on each half cycle. 
Ihe area represented by the integral of the secondary voltage is a con- 
stant for a transformer constructed with square hysteresis loop core 
materials and supplied with a voltage of constant frequency. / 8/7. The 
basic reference property of this device depends on a saturation flux for 
the particular core used. If the frequency of the power source cannot be 
relied upon to remain constant, either compensation for the effect of 
frequency change must be incorporated or the permanent - magnet biased 
Saturable-core reactor may be used. A permanent - mapnet biased satura- 
ble reactor type of reference unit will be discussed and referred to 


Specifically as "a magnetic reference unit", 
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lo Theory of Operation, 

The mode of operation of the magnetic reference unit closely re- 
sembles the operation of the anplifiers discussed in Chapter IT for flux 
variation of tne cores, the primary difference being in circuit configura- 
tion and biasing. The circuit diagram of the magnetic reference unit is 
illustrated in Figure 10. It is composed of two symetrical magnetic cir- 
cuits utilizing a tnree leg magnetic core, a permanent-magnet across an 
air gap, a d-c control winding linking each magnetic circuit and two 
Symmetrical gate winding circuits. The pernanent-magnet Gevelopes in each 
magnetic circuit a mf, which depends on the strength of tne permanent- 
magnet, the reluctance of the shunting air gap, and the reluctance of 
the magnetic paths in the core material. The control windings, Не» corry- 


ing a d- current, І, develop a mmf which opposes the mmf developed by the 


с? 
permanent-magnet, The gate windings, li are connected in parallel across 
an a-c supply voltage which has a peak value of sufficient magnitude to 
saturate each core leg. If the mmf generated by the control winding is 
equal to the mmf produced by the permanent-magnet in eaoh magnetic circuit, 
the two gate windings will saturate their respective legs of the magnetic 
circuits at the same saturation angle of the a-c supply voltage half 

cycle and equal currents will flow in the two symmetrical gate winding 
circuits, assuming equal turns and resistance for the two circuits. With 
equal load resistors, В) the output current, I,, through the load, R 
will be zero, If the mmf generated by the control windings does not equal 
the mmfi.developed by the permanent=—magnet, an aiding net flux will be 


developed in one magnetic circuit causing an earlier saturation angle and 


an opposing net flux in the other magnetic circuit causing a retarded 


2l 





saturation angle. This action will result in an increase in current 

in one circuit gate winding and a decrease in current in the other. 

Thus there will be an unbalanced voltage drop across the equal load re- 
sistors, causing a net output current, I,» to flow. The polarity of the 
output current will depend upon the polarity of unbalance between the 

mmf generated by the control windings and the permanent-magnet. The unit 
is therefore an error detector which utilizes a permanent-magnet as a re- 
ference. If this error current, I,» is then used to control an amplificr, 
which provides the current source for the control current, a feedback 
loop is formed which provides a constant current or voltage system util- 
izing a permanent ~ magnet as a reference. A feedback loop for a constant 
voltage system is illustrated in the following block diagram, 


А и наивен mern nam 
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2. Analysis of the magnetic reference circuit.” 


2. Partially taken from a conference paper presented at the AIIE 
Summer and Pacific General Meeting, June 195lı, Los Angeles, California. 
"A Magnetic Reference Unit", William Woodvorth, dated 11 March 195). 
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The circuit to be analized is illustrated in Figure 10. The core 
itself is composed of 100% interlaced F type laminations of saturable 
magnetic material with the center leg broken by an air gap whose reluc- 
tance is approximately one tenth the reluctance of either outer lege The 
purpose of the air gap is to prevent the shorting of the mametic flux 
from the reference magnet. All the reluctance of each magnetic circuit 
is assumed to be across the outer legs of the three leg core since the 
core area of the other legs is made considerably larger by the use of 
added T laminations to the center lege The purpose of these added lamin- 
ations is to prevent interaction between the tivo magnetic circuits. 

Consicering one loop of the circuit of Figure 10 and neglecting the 
effects of the capacitors, the voltage across the gate winding for the 


unsaturated core may be written as 


(12) 





Ca 


Integrating, the current in tne loop is given by 


pea fe ez E Бо 1 -cos wt) (13) 


for a sinusodial supply voltage if the d< resistance of the circuit is 
assumed small compared to the inductive reactance. If the core material 
saturates at an angle X, of the supply voltage with a current of i, 


being just large enough to saturate the core, then 


4 -1 = ОЕ 
C. 7 CoS 1 > Ж (11) 


Let M be the mmf drop of the permanent=magnet flux across the end 


legs of the core and N Ic be the d-c ampere~turns from the control wind- 
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ing opposing the mmf of the permanent-magnete Now if we define 1 а #3 the 
change of current in the gate windings required to saturate the core 
when there is a net direct mnf across the end leg, this current may be 
written from equation 8 as 
= FT = IN 
а М; М4 


If г - Not, there will be no net flux nor a difference current and the 


(15) 


saturation angle will be given by equation Шә If ЕБ # №1, the satura- 
tion angles for the tyro symmetrical circuits will be changed differentially 


and may be expressed as 


EX. = сов ] – ( Lo T 14) au (16) 
t m 
za ci y DL 

Ag, eos 1-(lo-ia) E (17) 


The half-cycle wave form of tne current in a gate ee illus- 
trated in Figure ll, will be similar to the wave forms of Figure 9 dis. 
cussed in chapter II, The current wave form with the core in saturation 
İs represented as t, and is limited by the resistance of the loop. The 
current for the non-saturated core is represented as in which is very 
small compared to the magnitude of іт» and is primarily limited by the 
inductive reactance of the gate winding. The saturation angles when in- 
fluenced by a net dec mmf are represented as 065, and A 5, 25 given in 
equations 16 and 17. Therefore, if we neglect the small exciting current, 
lo the d-c output current may be approximately determined by the average 


height of the area bounded by & 542 58 апі 4 L° 


eT 





The equivalent d-c circuit for one loop with the core in satur- 
ation is illustrated in Figure 12 and shows the division of current between 


tne resistor, Е» and the load, i. ine loop current will be given by 


PI - Fave (18) 


represents the d-c resistance around each loop and E, is the sum of the 
dc resistance of the gate winding, ut and tne crystal diode forward 


resistance. The current division is given by 


I, = E BUR (19) 
Ru 
and by substitution into equation 18 
- Emo 
Br (20) 


Re 


where 


Кез е (е, + R) * К + Ке (21) 


lt then follows from equations 16 and 17 that the output current, 
I, will be given by 
y o 
I ЕР] 52 Em Е 
o7 т R Sinad (22) 
As I e 
Combining equations 15 and 22 and substituting for Ro from equation 


21 gives 


| - NeI) WL 
T Ng Iz (26, + КК Ва 
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(23) 
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Equation 23 gives the output current as a function of control current, 
neglecting the effect of the shunting capacitors, Consideration of the 
capacitors shunting a complicates the analysis and their primary 
effect noted experimentally was to increase tne output current for a 
given value of I by approximately 50% as shown in Figure 13. Figure 13 
is a plot showing the variation of output current through a 500 ohm load 
with variations of c iiio 1 current for an experimental model constructed 
by the author. The value of the capacitor is not critical as long as the 
y C time constant is large compared to the period of the supply voltage 
frequency. 

Equation 23 denotes some interesting characteristics which result 
fram the symmetry of the circuit of Figure 10. The output current is a 
linear function of the control current for a constant frequency, This is 
illustrated experimentally in Figure 13. The value of the control current 
which determines zero output is independent of the supply voltage fre- 
quency, which affects only the sensitivity of the unite The output 
current is incependent of the magnitude of the supply voltage as long as 
1% has a sufficient magnitude to cause saturation of the core material 
during the a-c half cycle, The circuit itself is not critically depen- 
dent upon the core material used as long as it conveniently saturates 
during the a-c half cycle for the desired magnitude of a-c voltage. 

Since the sensitivity of the mametic reference unit is of impor- 
tance for practical applications, it will be useful for design consider- 
ations to obtain an expression for the change of output current with 


changes of control current in terms of selectable design parameters. 


a? 





% 


Differentiating equation 23 with respect to the control current gives 


dl. N.OL 
ат, Т ІТ No ща е 


Now, assuming the core material of one magnetic circuit loop to be of 


uniform cross sectional area, the inductance of an iron - cored coil 


subjected to an alternating magnetization corresponding to a maximum a-c 


flux density B in the iron is given for dimensions in inches as 
max 


follows: + 


-8 
z19 Nf x10 


Inductance in henrys = L = P; 
L 
Mai 


2 
1 2, (25) 
а. 
where 
N = number of turns 


1. = length of the magnetic circuit in iron 
u = permeability of the magnetic material evaluated at the appro= 
priate maximum alternating flux density E sz 


a, = cross Section of the iron in the core 


- effective cross section of the air gap (will generally be 


Ф 
| 


somewhat greater than the measured cross section of the air 
gap because of the fringing flux). 
l4 = length of the air gap 
Thus for a core of selected material and dimensions, tne inductance 


2 Radio Engineer's Handbook, FE. Terman (McGraw - Hill Book Co. Inc.) 
1943, Paragraph 25, section 2, page 9T. 
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is given by 








|, = К Ns (26) 
-8 
where K < 9 1o = a constant, 
Жа; M a. (27) 
L a 


Combining equations 26 and 2l gives 


E. ЕМ, No 
ar an Re 


and substituting for R from equation 21, rearranged, gives the change 
e 


(28) 


of output current for changes of control current, 


dlo - T Ne NP 
dl. Gang doas ЕЕ +1] 


Equation 29 gives the sensitivity of the magnetic reference unit, 





ек (29) 


neglecting the effect of the shunting capacitors, in terns of the fre- 
quency of the power supply, the number of turns on the control and gate 


windings, and,the equivalent d-c loop resistance, 


ЗА: 





Figure 10. Circuit diagram of a magnetic reference unit. 
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CHAPTER IV 


PRACTICAL DESIGN CONSIDERATIONS 


The design of a magnetic reference unit will be influenced to 
some extent by the application to which the unit is to be applied, 1.е., 
the load into which the unit will work, sensitivity requirements, control 
power available, a-c supply source available, weight and space limit- 
ations, and the environmental condition under which the unit must perform. 
The units constructed by the author for exnerimental purposes were cesigned 
witn the consideration of utilizing the magnetic reference unit іп а 
closed feedback loop with a high gain magnetic amplifier to form a 
stabilized power source of 10 volts (d-c) capable of supplying loacs of 
100 to 300 milliamperes in an environmental condition of variable temper- 
ature, vibration and relative humidity with an a-c power source of 35 
‘volts (rms) at 00 cps frequency with variations of 10% in magnitude and 
frequency, The primary experimental efforts of the author were devoted 
to considerations of construction whicn might better permit the manu- 
facturing of identical magnetic reference units within close tolerances 
without the ОЛУС, excessively rigid manufacturing tolerances. 
Ihese considerations of possible construction techniques will be pointed 
out where applicable, 

It should be called to the reacers attention that the design pro- 
cedure presented in this paper cannot be expected to give exact results 
due to necessary approximations and estimates of expected values that 


are made. However, it is believed that the simplified straightforward 
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procedures provide a basis for a first trial design that will enable the 
design engineer to achieve the cesired results. 
le Considerations of the magnetic circuite 

The magnetic circuit will be composed of a core of magnetic 
material with a permanent-magnet to induce the reference flux into the 
core material. From considerations of manufacturing and cost, the unit 
should be assembled from commercially available components. This suggests 
the use of an externally attached magnet to supply the reference flux to 
the core. Therefore the magnet will have to be placed across an air gap 
in order to prevent the shorting of the magnet fluxe Two symmetrical 
electric circuits, to be discussed in a later paragraph, are utilized to 
provide an error current which is dependent on the reference flux. This 
factor leads to the requirement of two identical magnetic circuits with 
equal reference flux in each circuit. The foregoing considerations suggest 
the use of a three leg magnetic core with the permanent-magnet mounted 
across an air gap in the center leg and the windings of the electrical 
circuits placed on the tayo outside legs. Tyro magnetic circuits of equal 
characteristics may be formed with a minimum of interaction between the 
flux of the two circuits if the total reluctance of the magnet circuit 
can be approximately considered to occur in the outside legs, which 
support the windings of the electrical circuits. <A core of magnetic 
material to meet the above requirements may be readily fabricated by the 
use of 100% interlaced F type laminations which are commercially avail- 
able. These laminations permit the fabrication of a three leg core with 


an air gap in the center leg that may be spaced to give a satisfactory 
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compromise between reluctance and reference flux. The significant reluc- 
tance drop in the magnetic circuits may be concentrated in the outside 
legs by the addition of a few T type laminations to the center leg or the 
addition of a few I type laminations across the top and bottom of the 
tnree leg core since the center leg of the F laminations are of greater 
width than the other legse The physical size of the laminations selec- 
ted will be determined by the window area required for the electrical 
circuit windings. 

By referring to equations 2l, and 25 in Chapter III, it is noted that 
the sensitivity of the unit depends upon the gate winding incuctances, 
which in turn depend upon the vermeability of the core material to some 
extent. This suggests that a high permeability core material might be 
desirable. Also the core material must saturate during the half cycle of 

the a-c supply voltage for proper operation of the unite The supply vol- 
tage required for saturation of tne core material is given by the gener- 


ally familiar equation - 2 
BS a =42,44f Na; Bmax x10 volts (30) 


were f € frequency in cycles per second 
N = number of turns 
a; = net core area 
Б = maximum flux censity in lines per unit area. 
In orcer to readily saturate tne core material from the relatively 
low a-c supply voltage of 35 volts (rms), it was desirable to select a 
core material with a relatively low maximum flux density, 
There are possibly other considerations of core materials which 


have been overlooked by the author. However, fron the factors dis- 
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cussed, it із believed that a reasonable choice of core material may 


be made. From materials available, the author used 6 mil type 52 F 
si 


A unit was also assenbled using size 52 F 


laminations of high permeability "l9" metal" 


laminations of hymu "80", 
which gave comparable re- 
sults with the hymu "80" core except that it required a higher satura- 
tion voltage due to a higher saturation flux censity. It is suggested 
that the magnetic reference unit might also be designed to perform satis- 
factorily when constructed with lamination of silicon steel, although 
use of this material has not been verified cxperimentally by the author. 
By reference to equations 23 and 29, we note that the magnitude of 
tne reference flux, Е) induced into the magnetic circuit by the per- 
manent =- magnet has an effect on the sensitivity of the unit and the 
power requirements of the control windings. The ampere=turns, -— of 
the control windings rust cancel the reference flux for the unit to give 
zero output. Ji the required control current is chosen at a relative 
low level to conserve power drain on the source, the strength of the re- 
ference flux directly determines the required control winding turns, Mos 
which directly affect the sensitivity of the unit, The permanent - nag- 
net should have a high coercive force, Н.» and a high retained residual 
OS, Br which does not significantly change with shock, vibration and 


temperature change for the normally expected environmental condition. It 


should also be of small physical size to be conveniently assembled with 


2 Magnetic letals Company, Camden 1, New Jersey. 
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the core laminations selected, Ine coercive force, Н, is the amount of 
ampere-turns necessary to reduce the residual flux, В to zero amd is 
nearly a direct measurement of the force across an air gape The merit 

or true strength of the permanent—magnet is the energy content per unit 
volume available to sustain flux in the external magnetic circuit and 

the product BH. is arbitrarily used as an indication of this energy con- 
tent. Alnico permanent—magnets appear to give the best compromise be- 
tween a high coercive force and high retentivity, / 1 /. Alnico is an 
alloy of aluminum, nickle, cobalt and iron, It is inexpensive, possesses 
a high resistance to stray fields and heat, and exhibits practically no 
loss of magnetization from shock or vibration. 

In order to permit the manufacturing of identical magnetic reference 
units requiring the same value of control current to give zero output, it 
is desirable to be able to arbitrarily set the same value of reference 
flux in each unit constructed without the expensive procedure of ree 
quiring permanent-magnets matched to close tolerance, By utilizing a 
small permanent—magnet of round U configuration, the magnet may be ro- 
tated in place on the laminations across the air gap until the desired 
reference flux is established in the external magnetic circuit before se- 
curing it in place, Ihe permanent-magnet used to produce the desired 
reference flux for the experimental units assembled by the author was a 
type hY9Pl Carboloy~+ Alnico Grade II round U permanent-magnet, An air 
gap in the center leg of the core of approximately three mils allowed 


І irade lark for the products of the Carboloy Department of the General 
Electric Conpanye 
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sufficient flux to be induced into the external circuit to obtain the 
desired reference flux and still permitted a small enough reluctance 

in the center leg with the added T laninations to prevent any notice- 
able flux interference between the two symmetrical magnetic circuits, 
2e Considerations of the electric circuits, 

With the components of the magnetic circuit selected, the perform- 
ance of the magnetic reference unit will be determined by the character- 
istics of the electrical circuits, As previously mentioned in Chapter 
III, the electric circuits are composed of a d-c control circuit, two 
symmetrical a-c gate winding circuits, and a d~c load circuit. The 
schematic diagram for the electrical circuits is illustrated in Figure 
щ. 

In the design of the d-c control circuit, we must consider the max- 
imum value of reference flux obtainable from the permanent-magnet, the 
variation of magnet strength between different magnets, the change of 
input resistance to the control circuit with temperature variations, 
window area of the core available for windings, the sensitivity expected 
of the reference unit, and the current demands on the source of the con 
trol current. From a control current source that is capable of supplying 
a total of 300 ma load, if we arbitrarily select a d-c control current 
of 20 ma as a reasonable current value to provide zero output current, 
the number of control winding turns required to cancel the reference flux 
may be determined. From experimental mgasurenents it was found that 
approximately 10 ampere-turns were required in the control windings to 


cancel the maximum value of reference flux induced into the selected 
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magnetic circuit by the LY9P) magnet. Therefore the maximm number of 
control winding turns for each magnetic circuit would be 900 turns. In 
order to allow for variations in strength between different magnets of 
the same type that we would expect in quantity manufacturing, let 

N = 000 turns 
giving 

IN, 16 ampere-turns for each magnetic circuit. 
Thus we may now rotate the round U magnet in order to establish a refer- 
ence flux in the core material that establishes zero output current when 
it is opposed by 16 ampere-turns from the control winding. In order to 
maintain balanced cancellation of the reference flux in the two magnetic 
circuits, equal number of turns on the control winding bobbins is impor- 
tant. Since the d-c resistance of the conper vire of the control wind- 
ings will change with temperature variations, it is desirable to have a 
low d-c resistance in the coil to simplify temperature compensation of 
the coil resistance, Therefore number 31 heavy formvar copper wire was 
used for the control windings. By utilizing equations developed in 
Chapter III to give range of magnitude values for the a-c gate winding 
circuits, a first approximation design may be completed. The gate wind- 
ing turns are primarily cependent on window area of the core available 
for the windings, the wire size, the cross sectional area of the core, 
and the relationship between the maximum alternating flux density in the 
core and the rms value of the required saturation sinusoidal voltage, For 
selecting the number of gate winding turns the author used the approach 


of fitting the gate windings to the winding area available with the chosen 
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core configuration, then solving for the required number of laminations 
for a chosen value of saturation voltage, using equation 30. A one inch 
nylon bobbin with an available winding area of .187 square inches 
(238,000 circular mils) was used to support the windings. Allowing 25% 
of the total winding area for insulation wrappings and lead connections, 
there are 178,000 circular mils of area available for the control and 
gate windingse “sing 86,400 circular mils for the control winding leaves 
91,600 circular mils for the gate winding. The wire size recuired for 
the gate windings can be determined from the required current carrying 
capacity. The value of the gate winding resistance plus the forward 
resistance of the diode was estimated at 700 omms. For a load, R,» Of 
500 ohms and Rg of 700 olms, a theoretical plot of equation 21 is shown 
in Figure 15 for variation of Rye This would suggest a value of Ry of 
approximately 600 ohms due to the effect of R, upon the sensitivity noted 
in equztion 20, Using these values the equivalent d-c resistance around 
each loopy Ry , would be approximately 1,090 ohms. For a 35 v (rms) 
power supply and complete saturation of the core over the a-c half cycle, 
the maximum current (rms) that would be carried by a gate winding would 


be aprroximately 22.7 milliamperes, given by 





_ Erms 
So ү RL (31) 


Allowing one circular mil per milliampere of current for the current 
carrying capacity of copper wire, number 38 heavy formvar copper wire 
with an average cross sectional area of 23 circular mils was selected 


for the gate windings. 
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Then 


N; . available winding а оба _ n= 4000 T (32) 


= wire area Т 220.M. 


The theory of operation of the magnetic reference unit covered in 
Chapter III was based on tne premise of symmetrical gate winding cir- 
Pots. This would suggest the requirement of equal gate winding turns, 
low forward resistance or matched diodes, and d-c resistances in the tio 
gate windings as well as resistors Rp matcned to close tolerances, The 
diodes should also have high back resistance to prevent significant de- 
magnetizing effect on the cores, which would result in an unbalance of 
the required syimetrical operatione 

From manufacturer's data the maximum flux ovensity of hym "80" is 
given as approximately 8000 gauss (51.6 Kilolines per square inch). 
Selecting a saturation voltage in the vicinity of 30 volts (rms) to en- 


sure saturation of the core during the half cycle of the a-c supply, we 


obtain the magnitude of net area required from equation 30, 


ў в. Ems, X o 


а: 4446 No Bmax 3% 


А соге constructed of seven type 52F six mil laminations in the end legs 
gives a cross section area of 78.75 X 104 square inchese The satura- 


tion voltage is predicted as 


де 
BS VS ӘНЕ ООМО о 4 volts (3 


An estimate of the sensitivity of the designed unit, neglecting the 


effect of the shunting capacitors, may be predicted from equation 29 
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after determining a value for the constant К, equation 27. From the 
assumption that the significant reluctance of each magnetic oircuit is 
concentrated in the end legs of the magnetic core, equation 27 may be 


rewritten as 


cis 
Zug x да -7 
К- 2114510 Midi - 201110 (35) 
li 
where 
u = 1000 ™ approximate effective design permeability 
d 
l; = 1.25 inches = mean path length in end leg 
а. = 78.75 X 10 -i square inches = net cross section 
of end leg. 
Thus Ё 


dlo -2K fN? Ма 
dle ERIR tR ГРК 
4 L IR + 1 





– .167 (36) 


It should be noted that the primary variable determining the maximum 
sensitivity obtainable is the turns on the control winding, which are 
Limited by the maximum value of reference flux that can be obtained in 
the core material, 

3. Considerations of environment, 

Factors due to environment which may affect the performance of the 
nagnetic reference unit are temperature, shock, vibration, humidity, and 
stray magnetic fields. The most significant effects are due to stray 
magnetic fields and variations of temperature. It was found necessary 


to enclose the unit in a shielding can of magnetic metal to prevent the 
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induction of stray flux into the core material from stray magnetic fields. 
Any small effects from shock, vibration, and humidity may be minimized by 
potting the reference unit in a suitable potting material, wnich can also 
serve the purpose of holding the unit in a fixed position inside the 
shielding cane Effects of change of temperature and methods of mini- 
mizing these effects are discussed in the following paragraphs. 

The change of the air gap spacing, which affects the value of the 
reference flux, Е with changes of temperature, must be minimized to a 
negligible value, One remedial approach to this problem is to support 
the laminations with suprorts made of material that has the same thermal 
coefficient of expansion as the lamination material. From a manufacturing 
viewpoint this method has the disadvantage of requiring very precise 
machineing and assembly of the supporting frame in order to set the appro- 
priate air gap and have this air gap remain constant with thermal expan- 
sion of the laminations and supporting frame. A method of assembly used 
by the author to provide a constant air gan with changes of temperature 
from -50°C Бо + 8006 consisted basically of forcefully preventing the ex- 
pansion of the core material. The assembled laminations were clamped 
between the supports and the air gap length established by placing a 
piece of 3 mil paper in the air gap spacee The assembled core was im 
pregnated with Glyptal clear varnish uncer 28 inches of vacuum. The var- 
nish was then hardened by balcing at 6590. After being mounted in place 
and adjusted to provide a reference flux that could be cancelled by 20 
milliamperes of control current, the round U permanent-magnet was se- 


cured in place with a thin film of cement. The magnetic reference unit 
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constructed by this method of core assembly gave zero output current 
with 20 milliamperes of control current over the desired temperature 
range, indicating a constant air gap. The core assembly with magnet 
and windings is shown in Figure 16. This method of assembly has the ad- 
vantage of providing a simple method of manufacturing. It also ad- 
mittedly has the undesirable result of causing strains in the core 
material with temperature change, However, it is recalled from Chapter 
III that the circuit is not critically dependent upon the core material 
as long as it conveniently saturates during the a-c half cycle of the 
supply voltage and symmetry is maintained. Тлеге пау also be some 
question as to the effect of possible slow annealing of the core mater- 
ial over a long period of time due to the presence of the strain in the 
material if the reference unit is operated in a constant temperature 
region such ast 80°C. The author cannot give a conclusive answer to this 
question at this writing. However, it is believed that the method does 
provide such a Simple and inexpensive means of manufacturing tnat fur 
ther long term tests to cetermine its effectiveness is warranted. Another 
effect on the reference flux that can result from temperature change is 
a change in the strength of the permanent-magnete However, this change 
of permanent-magnet strength is small over the temperature range of 
-50°c to+ 80°C for an Alnico magnete 

With the establishment of a constant reference flux, the largest 
effect on the magnetic reference unit due to a change of temperature is 
the change of resistance of the control windings. This effect requires 


the inclusion of a negative temperature-coefficient network of resis- 
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tors in series with the control winding to effectively compensate for 
this change of resistance. The network may be composed of a temperature- 
sensitive element which has a negative temperature coefficient, such as 
thermistors or special types of ceramic resistors, and fixed resistors. 
Ihe fixed -—— are used to shape the characteristics of the temper- 
ature-sensitive element so that the desired characteristics for the 
compensating network are obtained. One method / 12 / of calculating the 
resistor components required to shape the characteristics of the temper- 


ature-sensitive element consists of approximating the curve of R_ plotted 


T 
as a function of Го by a rectangular hyperbola, where 


Ка is the desired temperature characteristic of the network and 


r, is the characteristic of tne tenperature-sensitive element alone, 


T 
The resistance of the temperature compensating network of Figure ЈА may 


be expressed as 


= Қ» Ка + Ret 


E (37) 
(Ка+ Ка) ++ 
which is of the general form of 
E Eb tr | 
Р se (38) 
where a, b, and c are positive coefficients. Equations (37) and (38) 
are icentical if 
R =b 
5 (39) 
жүн (до) 


Ihe procedure for determining the value of the positive coefficients b 


and c basically consists of the following steps, 
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(1) From a plot of the resistance of the control windings as a 
function of temperature, determine the cesired temperature 
characteristics of the network to provide temperature compen- 


satione 


(2) Plot В, as a function r, With В as the ordinate and т аз the 


abscissa, 

(3) Select three points on the curve plotted in step (2) and con- 
struct a rectangular hyperbola passing through these three 
points. 

(4) Determine the asymptotes, which are the coefficients b and c, 
of this hyperbola in terms of B, and En coordinates respectively 
and the intersection of the hyperbola with the с axis which 
determines the ratio а/с, 

The effect of temperature change on the symmetrical gate winding 

circuits is limited to the differential temperature characteristics of 

the semi-conductor diodes dus to the symmetry of the circuit, This effect 
may be mininized by the use of silicon diodes or if germanium diodes are 
matched for similar temperature characteristics, 

lle Considerations of the magnetic amplifier. 

As previously stated, the magnetic reference unit is an error de~ 
tector device and must be used with an amplifier to form a regulated vol- 
tage supply. this amplifier should satisfy the requirements of high 
power gain and reliability, and should be able to furnish the desired 
power output. A self-saturated magnetic amplifier circuit with external 


positive fecdback satisfies these requirements very well. Magnetic 
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amplifiers with infinite gain at three points on their control character- 
. istics have been designed //5 7 which have very high gain when con- 
trolled within the limits of their operating range. This type of wie 
plifier is well suited for use with the magnetic reference unit. When 
used with the magnetic reference unit to form a constant voltage supply, 
the magnetic amplifier, as well as the reference unit, will also be affec- 
ted by temperature change, this effect of temperature change will cause 
changes in the output voltage with cnanges in temperature, but they can 
be minimized by proper design and compensation of the amplifier so that 
the temperature compensating network of the control winding of the mage 
netic reference unit forms the overall compensating network of the con- 


stant voltage supplye 


8 
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Figure 16. Magnetic reference unit core assembly 


oH 











CHAPTER V 


COwSTRUCTION TSCHNIQUES AND TEST RESULTS 


In Chanter IV, some mentions were made of construction techniques 
along with the discussions on design considerations, wnen it was believed 
tnat these techniques had an influence on component choice or configura- 
tion. The intent in this chapter is to present, without undue repe- 
tition, a summary of construction techniques evolved during the con- 
struction and testing of several magnetic reference units by the writer 
wiile on an industrial tour with the Pacific Coast Division, Aerovox 
Corporation, Monrovia, California. 

The primary problems to be considered by a manufacturer of the mag- 
netic reference unit discussed in this paper are 

(1) to provide a constant reference flux of selected magnitude in 

the magnetic core under conditions of changing environment and 

(2) to obtain symmetry to close tolerances in the gate winding cir- 

cuits, 

Techniques to solve the first of these two problems vere discussed in 
Chapter IV. The second may be broken down into the problems of pro- 
viding equal turns and resistance in the gate windings, equal resistance 
characteristics for the diodes, and matched resistors Rr. lests showed 
that the resistors R, would have to be matched to approximately 015. 
Using 649.5 ohm resistors in the circuit, a change of „O7 olms of un- 
balance gave a noticeable output current of approximately 2.5 microam= 


peres into a 500 oim load. With five microfarad capacitors in the cir- 
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cuit there was only a small variation of sensitivity for values of E 
ranging between 600 and l000 ohms with the best sensitivity obtained with 
about 1800 ohms. Due to the filtering actions of the capacitors, this 
did not strictly agree with the theoretical predictions of Figure 15 
where the effects of the capacitors were neglected. However, it did sub- 
Stantiate the prediction that an optimum range of values does exist, | 

From considerations of size and stability over tne environmental 
temperature range, tantalum capacitors appear to be the most suitable 
selection for the shunting capacitors. 

The diodes used were silicon junction diodes with the unique prop- 
erty of a low forward resistance (lO ma forward current with 1.5 volts 
across the diode) and a high back resistance exceeding 10 megohms, These 
diodes meet the circuit requirements ы but have the disadvantage 
of being relatively expensive, It is also believed that the gold bonded 
variety of germanium diodes could be successfully employed, 

Test results denonstrated that matching of the gate winding turns as 
well as gate winding resistance is important, For windings with d-c 
resistances in the range of 500 ohm magnitudes, it was necessary to match 
resistances to within about 0.1 ohms. Also it was noted that an unbal- 
ance of two turns for 3000 turn gate windings produced the same results 
аз an unbalance of approximately 0.1% of the gate winding circuit resis- 
tances In order to alleviate the necessity of matching both gate wind- 
ing turns and resistance during fabrication, a small potentiometer on 
the order of 10 ohms value is incorporated in the circuit, illustrated as 


E in Figure 14. For machine wound layer windings a smaller value po- 
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tentiometer can probably be utilized. 


A simple method of assembly and circuit balancing by wnich re- 


producible magnetic reference units similar to the design presented in 


Chapter IV may be constructed is outlined as follows. 


(1) 


(2) 


(3) 


(L) 


(5) 


(6) 


Layer wind the control and gate windings to exact design turns 
on the winding bobbin, i,e, li = 800 turns and N, = 1000 turns 
for the design presented. 

Assemble the laminations and two bobbins to provide a three leg 
core with windings on the outside legs and the desired air gap 
in the center leg. 

Plate the assembled core in its shielding can and connect the 
gate winding leads to the symmetrical external electric circuit, 
With a sensitive galvanometer or millivolt meter connected to 
the output leads (point C and D of Figure 14) adjust R, to give 
zero output, This procedure will provide symmetrical resistive 
circuits. When the resistance is properly matched, variations 
of supply voltage magnitude within the limits of saturation re- 
quirements will not change the output from its Zero value, 
Place the round U magnet across the air gap and replace the 
assembled core in its shielding can. Connect the control wind- 
ing leads to the control circuit. 

Set the control current by adjusting the value of Ry of Figure 
li to the value selected to provide zero error output current 
(I = 20.00 ma) and then rotate the round U magnet with a non 


magnetic screwdriver through a hole in the shielding can to es- 
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tablish the reference flux required to give zero output, 

The foregoing procedures establish the required symmetrical elec- 
trical circuits and the cesired level of reference flux, A magnetic ref- 
erence unit was constructed accorcing to the design presented in Chapter 
IV and assembled by the above procedures. A sumary of circuit com 
ponents and selected parameters are listed as follows: 


М.Н 800 turns #31 heavy formvar copper wire. 


Сеа о 
No - М > = 4000 turns /30 heavy formvar copper wiree 
S Е 
E = 10 ohm potentiometere 
= = 5 uf 
С = 6, => 


Ba - Ryo - 1995.5 „2 ohms. 
core: Fourteen type 52F 6 mil hymu "80" laminations. 
Sixteen T type 6 mil hymu "80" laminations. 

air gap: 3 milse 

magnet: Y9Pl Carboloy Alnico II round U. 

I, - 20.00 ma d-c reference current, 

а-с supply voltage = 35 volts (rms), 100 cps. 
The sensitivity curves for this reference unit are plotted in Figure 13. 
The reference unit also provided zero output current for a 20 ma control 
current over the temperature range -50° C tot 80° C and for 10% varia- 
tions of supply voltage, This magnetic reference unit, incorporated in 
a closed feedback loop with a high gain self-saturated magnetic ampli- 
fier voltage regulator designed to furnish a stabilized 10 volt d=< 
power source for load variations of 100 to 300 milliamperes, can provide 


regulation within 0.5% over a wide range of environmental conditions. 
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CHAPTER VI 


CONCLUSIONS 


The magnetic reference unit presented in tne preceding chapters 
pernits the formation of a basic reference based upon a dependable 
permanent-magnet. This reference unit can be combined with any high gain 
magnetic amplifier to form a constant source of voltage or current which 
may range from small to very large values depending on the cesign of the 
amplifier circuits. Both the reference unit and the magnetic amplifier 
circuits are composed of stable static elements that provide a high de- 
gree of reliability. | 

Sone other devices that are more or less commonly used for reference 
purposes are the gaseous voltage regulator tube, a thyrite network, the 
saturating transformer and the reference voltage silicon junction diode. 
Basically, the primary limitation of all regulator circuits depends upon 
the difficulty of obtaining a completely stable reference device for the 
desired operating conditions, The gaseous voltage regulator may stabil- 
ize at slightly different values when switched off and on again and has 
limited reliability under conditions of shock and vibration. The thyrite 
network has a slow response time and is suitable over a smaller ambient 
temperature range, The saturating transformer is sensitive to changes of 
both supply voltege frequency and temperature, which may be minimized by 
Suitable compensation, The reference voltage diode is a relatively new 
device / 3_/ and like the magnetic reference unit has not yet attained 


wide application, It is also sensitive to changes in ambient temperature, 
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the degree depending on the characteristics of the individual diode. 
It has the advantages of small size, low power consumption and a promise 
of long life, 

Ihe primary disadvantage of the magnetic reference unit is also sen- 
sitivity to temperature change, which can be minimized over a wide temp- 
erature range by the use of a simple resistance compensation network, 
Since the circuits of the reference unit are basically composed of two 
parallel simple half-wave saturable reactor circuits, it will also have 
an inherent minimum time delay of one half-cycle of the supply voltage 
frequency. 

It is believed that the problems of econonically producing a stan- 
dard magnetic reference unit as a marketable item can be solved by use of 
construction techniques similar to those presented in this paper, With 
the development of a standard marketable unit, the magnetic reference 
unit can become another useful device for application to electronic cir- 
cuitse 

It is not the intent of this writer to advocate the acceptance of 
one basic component device as a replacenent for others, Saturable- 
reactor devices as well as tubes and seni-conductor devices are available 
for application in the broad field of electronics, The cesign engineer 
Should have a familiarity with each of these devices and consider the 


Suitability of each to meet the specific application requirements. 
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